Innovative methods were used to determine both sorption and drying data at temperatures typically found in the handling of agricultural products. A robust sorption measurement system using multiple microbalances and a high precision through flow laboratory dryer, both with continuous data acquisition, were employed as the basis for a water vapor deficit based approach in modeling the sorption and drying behavior of high oleic sunflower seeds. A coherent set of data for sorption (Temperature T = 25-50 • C, water activity a w = 0.10-0.95) and for drying (T = 30-90 • C, humidity of the drying air x = 0.010-0.020 kg·kg −1 ) was recorded for freshly harvested material. A generalized single-layer drying model was developed and validated (R 2 = 0.99, MAPE = 8.3%). An analytical solution for predicting effective diffusion coefficients was also generated (R 2 = 0.976, MAPE of 6.33%). The water vapor pressure deficit-based approach allows for an easy integration of meaningful parameters recorded during drying while maintaining low complexity of the underlying equations in order for embedded microcontrollers with limited processing power to be integrated in current agro-industrial applications.
Introduction
Sunflower (Helianthus annuus L.) is one of the major oilseeds produced in the world. It is cultivated in different climatic zones with varying grain moisture content during the harvesting period. Drying is typically required in order to achieve an optimum final moisture content for safe storage. Excessive moisture levels may lead to a generally increased activity of microorganisms, heating of the product, dry matter losses, and high levels of free fatty acids in the extracted oil [1, 2] . Several studies point out that only the non-fat components of the seeds are the critical parts for stability considerations in moisture-dependent storage [2] [3] [4] . Water activity a w holds information on the availability of water for the growth of microorganisms and thus allows inference on threshold levels, above which spoilage is unlikely to occur [5] . It is defined as the partial vapor pressure of water in the measured food, divided by the partial vapor pressure of pure water [6] . This is equal to the equilibrium relative humidity, at which the measured food is in equilibrium with the surrounding atmosphere and does not adsorb nor desorb water. Sorption isotherms describe the relationship between the equilibrium moisture content (MC e ), formed at a given temperature and at the relative humidity, if the food is in equilibrium with the atmospheric surroundings. In general, water activity increases at higher moisture content and, consequently, microorganisms, such as molds, yeasts, and bacteria increasingly grow at a w > 0.70, while enzymatic activity is also promoted by high values of a w [5] . The commonly applied threshold value for safe farm level storage of agricultural products is found at water activities between 0.6 ≤ a w ≤ 0.7 [3, 4, 7] .
In practice, vapor pressure manometers, capacitance hygrometers, and chilled mirror dew point hygrometers represent fast and robust techniques for the indirect measurement of water activity from a common set of partially dried samples [8] . However, these sorption techniques can not generate kinetic data. For the gravimetric measurement of moisture sorption, the static gravimetric method is considered a standard technique. Climatic test chambers have been used before. However, the sorption experiments were realized with discontinuous weight measurements on external balances or with balances inside the test chamber [9, 10] . To minimize the negative effects associated with the discontinuous weight measurements, instruments using controlled atmosphere microbalances such as a Dynamic Vapor Sorption apparatus (DVS) have been employed for the automated moisture sorption analysis of food ingredients and other homogenous materials [11] [12] [13] [14] [15] [16] [17] . The DVS method is used to measure the equilibrium moisture content of a material at any desired relative humidity and selected temperatures in a short period of time. However, as DVS is designed for extremely small sample mass, bias in sorption measurements may occur when dealing with agricultural products and only a small part of a heterogeneous organ is being measured [7] . Based on the dynamic vapor sorption principle, an innovative experimental system for determining moisture sorption properties of heterogeneous agricultural products is needed. In addition, the system should enable monitoring of moisture sorption by measuring the weight gain or loss at regular time intervals and the automatic acquisition of mass data in more than one high precision ultra-microbalance.
The experimental determination of sorption characteristics allows for the description of moisture diffusivity to be a function of moisture content, partial vapor pressure, and temperature without the requirement to pre-define the mechanisms controlling diffusion [6] . Thus, these isotherms constitute a suitable tool in describing and modeling drying processes for agricultural products. Remarkably, the occurrence of hysteresis between adsorption and desorption is directly affected by the oil content while no significant difference can be observed [4] at values above 48.6%. Most studies on the sorption and drying of sunflower seeds have in common data from different varieties and harvest years, which are combined to provide an empirical basis for model development [3, 18, 19] . Additionally, seeds are usually remoistened to a desired moisture content, which potentially leads to experimental errors and an alteration of the drying behavior [19] . It is commonly agreed that moisture movement at the surface is negligible, compared to internal resistance, and, thus, the influence of air velocity becomes insignificant after a threshold of approximately 0.1 m·s −1 [19] [20] [21] . Sunflower seeds are comparable to multi-domain composite foods, consisting of a fibrous outer shell, and an oily kernel. Both hulls and kernels show significantly different sorption behavior [2] . In addition, whole seeds and kernels are significantly different in most physical properties, such as volume and equivalent diameter [19, 22] . Sunflower kernels show significantly slower moisture diffusivity compared to hulls and, thus, are the limiting factor in drying [3, 19] .
However, a literature research revealed remarkable differences between the seed/hull-ratio of examined traditional oil-seed varieties on which most sorption and drying studies are based. Given these distinct variations in physical properties, it is obvious that sunflower sorption and drying models should be updated and validated for modern high oleic varieties.
The aim of the present work is, therefore, to develop a robust semi-empirical drying model using a coherent set of experimental sorption and drying data for high oleic sunflower seeds (Helianthus annuus L.). The objectives are: (i) to experimentally determine a broad set of equilibrium moisture content data by an automatic, gravimetric analyzer, (ii) to obtain single-layer drying kinetic data in a high precision laboratory dryer at different temperature and absolute humidity of the drying air, and (iii) to establish a generalized single-layer drying model in which its parameters are a function of air conditions. In addition, these related datasets are used to analytically determine moisture effective diffusion coefficients. 
Materials and Methods

Plant Material
High oleic sunflower seeds (Helianthus annuus L.), F1 of hybrid cultivar 'PR65H22' were harvested mid October 2014 from a farm 30 km east of Würzburg (Germany). The original bulk of approximately 500 kg was reduced to a representative sample of 110 kg. To evaluate the moisture content at harvest (0.317 ± 0.008 kg·kg −1 ), 10 samples of 3 g each were used.
Moisture Content Determination
The moisture content MC of seeds and hulls was measured from samples of 3 g by a standard thermogravimetric analysis in a convection oven at 103 ± 2 • C, according to ISO 665:2000 [23] and expressed in kg water per kg dry matter (kg·kg −1 ). All analyses were performed in triplicates, which is commonly applied in other studies [18, 22] .
Determination of Dynamic Vapor Sorption Isotherms
The adsorption isotherms of seeds and hulls were separately determined by using an automated system designed at the Institute of Agricultural Engineering, University of Hohenheim (Stuttgart, Germany) ( Figure 1 ). The system consists of a climatic test chamber (C + 10/600, CTS GmbH, Hechingen, Germany), which regulates air temperature between 10 • C and 95 • C while maintaining a relative humidity between 10% and 98% and ensuring air circulation. A weight measuring system, consisting of five high precision load cells (WZA1203-N, Sartorius AG, Goettingen, Germany) with an accuracy of 1 mg was mounted on top of the chamber to record the change in mass, caused either by adsorption or desorption of water vapor. Each load cell carries a perforated sample holder, which is suspended through the chamber ceiling. Load cell and climate chamber control is realized remotely. Direct control via an attached computer is also possible. Relative humidity is varied gradually at a pre-set temperature, which is held ceteris paribus during an experiment. 
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The adsorption isotherms of seeds and hulls were separately determined by using an automated system designed at the Institute of Agricultural Engineering, University of Hohenheim (Stuttgart, Germany). The system consists of a climatic test chamber (C + 10/600, CTS GmbH, Hechingen, Germany), which regulates air temperature between 10 °C and 95 °C while maintaining a relative humidity between 10% and 98% and ensuring air circulation. A weight measuring system, consisting of five high precision load cells (WZA1203-N, Sartorius AG, Goettingen, Germany) with an accuracy of 1 mg was mounted on top of the chamber to record the change in mass, caused either by adsorption or desorption of water vapor. Each load cell carries a perforated sample holder, which is suspended through the chamber ceiling. Load cell and climate chamber control is realized remotely. Direct control via an attached computer is also possible. Relative humidity is varied gradually at a pre-set temperature, which is held ceteris paribus during an experiment. The test material was dried at 60 °C to a moisture content of 0.006 ± 0.004 kg•kg −1 and manually cleaned from impurities. The seeds were ground to a particle size of approximately 5 mm. To obtain hulls, seeds were manually hulled. About 12 g of dried seeds or hulls were used per sorption The test material was dried at 60 • C to a moisture content of 0.006 ± 0.004 kg·kg −1 and manually cleaned from impurities. The seeds were ground to a particle size of approximately 5 mm. To obtain hulls, seeds were manually hulled. About 12 g of dried seeds or hulls were Agriculture 2019, 9, 1 4 of 14 used per sorption experiment. The samples were loaded into the sample holder and the adsorption isotherms were measured at 25 • C and 50 • C, which increased the relative humidity gradually from 10% to 85% with increments of 10% and a final step of 5%. Mass, temperature, and humidity data were recorded in 20 min intervals. The equilibrium was considered to have been reached when observing a change in weight of less than 5% of the initial sample weight during 10 consecutive measurements. Three repetitions per temperature and material were performed, which resulted in a total of 160 individually determined equilibrium moisture content data points.
Sorption Isotherm Models
Five commonly applied, three parameter moisture sorption models were tested for their accuracy to describe the experimental sorption data [3, 5, 6, 24] . The models are presented in terms of equilibrium moisture content MC e (kg·kg −1 ), water activity a w (p vs ·p sat −1 ), and a, b, c as model constants.
The applied model equations and their ranges of validity are shown in Table 1 . Table 1 . Models for sorption isotherms. MCe = equilibrium moisture content. T = temperature in • C. a w = water activity. a, b, c = model constants [7] .
Model Original Plant Material Validity (a W )
Modified Chung-Pfost
Maize and maize components 0.1-0.9
Modified Oswin
Modified Halsey
Maize, wheat flour, laurel, nutmeg 0.1-0.8
Modified Henderson
Maize -
Thin-Layer Drying Experiments
Thin-layer drying experiments were conducted using a high precision hot-air laboratory dryer designed at the Institute of Agricultural Engineering, University of Hohenheim (Stuttgart, Germany), which allowed the control of the desired drying conditions over a wide range of operating parameters. For the drying experiments, 500 kg of freshly harvested seeds were manually cleaned and 70 subsamples of 1.5 kg each were randomly taken, vacuum-sealed in PEHD bags and stored at 4 • C for no longer than four weeks. The experimental system has been previously described in detail by Argyropoulos et al. [25] . In total, 63 individual drying experiments were conducted at temperatures T between 30 and 90 ± 0.1 • C in steps of 10 • C and an absolute humidity x of 0.010, 0.015, and 0.020 kg water per kg of dry air. During the individual drying experiments, temperature and absolute humidity were kept constant and a uniform air flow through the sample was maintained at 0.6 ± 0.05 m·s −1 . The initial seed moisture during all drying experiments was 0.317 ± 0.008 kg·kg −1 . An initial mass of 0.400 ± 0.001 kg was evenly spread on a perforated drying tray, which resulted in a layer depth of 15 mm. The tray was supported on PC6 load cells (Flintec GmbH, Meckesheim, Germany). The weight was measured every 10 min. Meanwhile, a bypass valve was opened to prevent floating of the tray. The seeds were dried until a constant weight was achieved, once the total weight change for three consecutive measurements was below 0.5 g. The drying experiments were repeated at least three times for each drying condition. The moisture content of seeds before and after drying was determined as described above (Section 2.2). In total, 63 experiments with 1291 single measurements were conducted.
Empirical Drying Model
By including equilibrium moisture information from the previous experiments, the normalized moisture ratio (MR) was computed. MR (t) is the average moisture ratio at time t (minutes), MC t the moisture content at time t, MC e the equilibrium moisture content, and MC 0 the initial moisture content (kg·kg −1 ). The moisture ratio over time can be well depicted by the semi-empirical page equation (Equation (2)). This approach offers a compromise between inclusion of the physical theory and ease of use, which results in a semi-empirical model [6] . Fickian moisture migration, constant moisture diffusion coefficients isothermal conditions, and negligible shrinkage are the basics of this approach [26] . Two coefficients have to be fitted including k as the rate constant (min −1 ) and n as the dimensionless coefficient to improve the fit [19] .
To provide a generalized, semi-empirical model capable of representing different temperatures and humidity of the drying medium, k and n were transformed to a function of drying conditions at time t. It is important to highlight that the actually recorded conditions from the drying chamber were employed in the model instead of the set-point conditions.
Two different approaches, based on (i) temperature T ( • C) and absolute humidity x (kg·kg −1 ) (Equation (3)) and water vapor pressure deficit ∆P (Pa) (Equation (4)), both described by an Arrhenius-type equation, were followed [27] . ∆P (Pa) was computed as the vapor pressure deficit between the drying air and saturated air under the same temperature conditions with P sat (Pa) derived from the Magnus-equation, T ( • C), and rh as the relative humidity (%) (Equation (1)).
with the following conditions: k T1 < k T2 , n T1 > n T2 for T 1 < T 2 and x 1 = x 2 , k x1 > k x2 , n x1 < n x2 for T 1 = T 2 and
Analytical Estimation of Diffusion Coefficients
The high oleic sunflower seeds used in this study are shaped like compressed, oval bodies with a sphericity of 0.45 to 0.55 and an equivalent diameter of 5.48 ± 0.64 mm [22] . Average moisture diffusivity D was assumed to remain constant during the relevant drying period [28] . Under these conditions, the special "short time "solution to the differential diffusion equation proposed by Becker (1959) can be applied. The physical basis of this solution is the restriction of changes in moisture to the vicinity of the surface [29] . The validity is limited to the fast drying region of 0.2 < MR < 1 including the name "short times solution". The mathematical derivation was intensively discussed by Giner and Mascheroni [29] , and Becker's short time analytical solution was proven to be accurate, fast, and applicable in the practical drying range for agricultural products. For spheres, the thin layer equation takes the form of Equation (5) where a v is the kernel's surface specific area in m 2 ·m −3 .
with the following conditions: MC t = MC 0 for t = 0, MC t = MC e for t → ∞
The term f (0) is a shape dependent factor, derived from the slope of Equation (6), expressed as a straight line [29] .
D can be derived from a moisture independent, Arrhenius type relationship, proposed by Sun and Woods [30] .
where R is the seeds' equivalent radius. After correction of the shape dependent factor f (0), the individual diffusion coefficients D s can be determined with Equation (5). The limits of validity for spherical bodies, where D s is no longer essentially constant, are found at MR = 0.2 [28] . The same approximation was also adapted by Giner and Mascheroni [31] for wheat as well as by Santalla and Mascheroni [19] for sunflower seeds.
Statistical Analysis
All statistical analyses were conducted using the R Project for Statistical Computing [32] . The sorption models and individual Page equations were fitted to the experimental data using R's nls2 procedure [33] . The coefficient of determination R 2 and the mean absolute percentage error MAPE with MC e,exp and MR exp as the observed and MC e,pre and MR pre as the predicted equilibrium moisture content and moisture ratio were taken as the main criteria for the goodness of fit.
The effect of independent variables on the overall model constants was determined by regression analysis and analysis of variance (ANOVA). Asterisks mark significance at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) level. Figure 2a shows the experimentally derived sorption data for hulls and seeds at 25 • C and 50 • C and the curves as predicted by the selected models. At a constant temperature, the equilibrium moisture content increased with increasing water activity, which indicates an asymptotic convergence at a w = 1. In general, at constant water activity, the equilibrium moisture content decreased with increasing temperature. Remarkably, for hulls, this trend was only observed for a w ≤ 0.82 and for seeds for a w ≤ 0.72. Above these threshold values, the equilibrium moisture content increased with increasing temperature, which is a phenomenon that usually can be observed in high sugar foods [34, 35] .
Results and Discussion
Analysis of Moisture Sorption Models
Those sorption models are not designed to depict this inverse phenomenon. Therefore, data at a w > 0.82 for hulls and a w > 0.72 for seeds were excluded from the non-linear fitting procedure. A random 60% of the remaining dataset was used for fitting while the entire remaining dataset was used for model performance evaluation in terms of R 2 and MAPE value. The fitted curves are shown as solid lines and continued as dashed lines when the above-mentioned limits of a w are exceeded, which shows what the corresponding models would predict. Figure 2b provides the predicted versus observed plots for employed sorption equations. Those sorption models are not designed to depict this inverse phenomenon. Therefore, data at aw > 0.82 for hulls and aw > 0.72 for seeds were excluded from the non-linear fitting procedure. A random 60% of the remaining dataset was used for fitting while the entire remaining dataset was used for model performance evaluation in terms of R² and MAPE value. The fitted curves are shown as solid lines and continued as dashed lines when the above-mentioned limits of aw are exceeded, In Table 2 , the model coefficients determined by the nonlinear least squares procedure and the corresponding performance parameters are summarized. Furthermore, the experimental data for both seeds and hulls indicate the convex shape of a type III sorption isotherm, according to Brunauer's classification [6] . This type is relatively uncommon and not generally found [36] . Physically, the type III isotherm does not show monolayer adsorption [36] . It is well known that plant seed sorption behavior should rather be depicted with type II sorption isotherms, which is generally adopted in many other studies [7, 37, 38] . Type II isotherms are an extension of Langumir-like monolayer adsorption isotherms to include unrestricted mono and multilayer adsorption [36] , which result in the characteristic sigmoidal shape with a nearly straight segment. It is generally assumed that the beginning of this straight line portion represents the most likely point, where a completely saturated monolayer occurs [39] . From Figure 2 , however, no transition from monolayer to multilayer adsorption is derivable, which indicates that the surface area was already covered with a monolayer below the lowest measured a w value. Sunflower seeds are very much comparable to complex multi-domain foods, with the hulls being a fibrous matrix, allowing two to four times faster diffusivity of moisture than the kernel [19] . In addition, it is clear that the oil content in kernels highly affects the equilibrium moisture content. Similar observations have been reported by other studies [2, 40] . At a constant temperature, hulls usually reach a higher MC e than seeds, which again show a higher MC e than kernels [2, 18, 19] . The Mod. Henderson was the only model showing both satisfying fit and random residuals for seeds. Opposed to this, hulls alone were best modeled by the Mod. G.A.B. equation. Given the fact that safe moisture levels for oilseeds are found in the region of a w = 0.64-0.70, the limits of model validity and the observed anomaly at high values of a w were considered non-critical for the development of a drying model [1, 3] . Based on these insights, the fitted Mod. Henderson equation and the coefficients found for seeds were integrated in Equation (2) in order to describe the drying process.
Modelling of Thin-Layer Drying Behavior
The individual drying data for T from 30 • C to 90 • C and x of 0.010, 0.015, and 0.020 kg·kg −1 were described well by the Page equation with high R 2 (>0.99) and low MAPE (<5%) values. The equilibrium moisture content MC e (kg·kg −1 ) for seeds was calculated with the Mod. Henderson equation with a = 0.102, b = 207.939, and c = 1.145 ( Table 2 ). The kinetic parameter k increased with increasing T at constant x, while n decreased. With increasing absolute humidity at constant T, k decreased and n increased. Equation (10) and Equation (10a) best described model parameters k and n as a function of T and x. The resulting course is shown in Figure 3a . Inclusion in Equation (2a) resulted in a temperature Agriculture 2019, 9, 1 9 of 14 and absolute humidity-based generalized model describing the experimental data with an R 2 value of 0.982 and MAPE of 9.4%.
The description of k and n as a function of the water vapor pressure deficit ∆P was best described by Equation (11) and Equation (11a). The course of k and n vs. ∆P is depicted in Figure 2b . By inclusion in Equation (2b), a ∆P based, generalized, drying model is achieved, which is capable of describing the experimentally derived drying data with an overall R 2 value of 0.988 and MAPE of 8.3%. This is slightly better than the model based on T and x.
The Table 2 ). The kinetic parameter k increased with increasing T at constant x, while n decreased. With increasing absolute humidity at constant T, k decreased and n increased. Equation (10) and Equation (10a) best described model parameters k and n as a function of T and x. The resulting course is shown in Figure 3a . Inclusion in Equation (2a) resulted in a temperature and absolute humidity-based generalized model describing the experimental data with an R² value of 0.982 and MAPE of 9.4%. The description of k and n as a function of the water vapor pressure deficit ΔP was best described by Equation (11) and Equation (11a). The course of k and n vs. ΔP is depicted in Figure 2b . By inclusion in Equation (2b), a ΔP based, generalized, drying model is achieved, which is capable of describing the experimentally derived drying data with an overall R² value of 0.988 and MAPE of 8.3%. This is slightly better than the model based on T and x. ; R 2 = 0.934, MAPE = 2.25 (11a) Figure 3 . Parameters k, n, and the fitted models from (a) Equation (10) and (10a) for k, n = f(T,x) in °C and kg•kg −1 and (b) modeled with Equation (11) Since ΔP is mainly dependent on T and x, it is a promising physical parameter for the description of drying processes. Regarding the slightly superior fit of the generalized model described by ΔP and the requirement of only four model constants instead of six, this relationship was chosen to further describe the drying process. The predicted vs. observed plot in Figure 4a shows a nearly straight line, Figure 3 . Parameters k, n, and the fitted models from (a) Equations (10) and (10a) for k, n = f (T,x) in • C and kg·kg −1 and (b) modeled with Equation (11) Since ∆P is mainly dependent on T and x, it is a promising physical parameter for the description of drying processes. Regarding the slightly superior fit of the generalized model described by ∆P and the requirement of only four model constants instead of six, this relationship was chosen to further describe the drying process. The predicted vs. observed plot in Figure 4a shows a nearly straight line, which indicates a satisfying performance of the generalized model. The residuals plot in Figure 4b shows a random distribution, supporting the validity of the derived model. which indicates a satisfying performance of the generalized model. The residuals plot in Figure 4b shows a random distribution, supporting the validity of the derived model. Application of the short times equation indicated an increase of DS with increasing temperature T. With increasing absolute humidity x, DS showed a decreasing trend for temperatures up to 70 °C, from where no obvious trend was derivable. For T below 50 °C, the threshold of MR < 0.2 usually was not undershot. The shape dependent factor f''(0) found to be 0.428 with a standard error of 1.3%. By inclusion in Equation (6), the diffusion coefficients for short times (0.2 < MR < 1) can be calculated (Table 3) . Significant contribution to the model on the p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 level, respectively, are indicated by one, two, or three asterisks. Application of the short times equation indicated an increase of D S with increasing temperature T. With increasing absolute humidity x, D S showed a decreasing trend for temperatures up to 70 • C, from where no obvious trend was derivable. For T below 50 • C, the threshold of MR < 0.2 usually was not undershot. The shape dependent factor f (0) found to be 0.428 with a standard error of 1.3%. By inclusion in Equation (6), the diffusion coefficients for short times (0.2 < MR < 1) can be calculated (Table 3) . The mean coefficient of determination was 0.984 with a MAPE of 7.09% for short times. Visual analysis of Figure 3c , which compares the measured data to the fit of Equation (12) revealed an overestimation when the limit of validity is approached. The derived diffusion coefficients, however, are in the same range as the ones reported by Santalla and Mascheroni [19] . In addition to their findings, that initial moisture content did not affect diffusion coefficients. The results from this study indicate an effect of x only in the lower temperature regions up to 70 • C. In an analogy with the approach for fitting a generalized empirical drying model, the same procedure was applied for the analytical solution. A generalized analytical model was fitted for D S = f (T,x), which is well described by Equation (12) .
Integration of Equation (12) in Equation (5) yielded a generalized model with an overall R 2 of 0.966 and MAPE = 7.37%. The description of D S = f (∆P) was described well with a similar function:
Integration of Equation (13) in Equation (5) resulted in a generalized model based on ∆P, which was fitted with an overall R 2 of 0.976 and MAPE = 6.33%. This is slightly better than the approach based on temperature and absolute humidity. The fit to the experimental data of both Equations (12) and (13) is given in Figure 3c ,d.
An applicability to determine the effective diffusion coefficients in the initial, most relevant phase of drying is obviously given and commonly applied [19, 29, 31] . Especially, the calculation of the shape-depending factor f"(0), based on the physical properties of the investigated product, adds further meaning to the application of Becker's equation, and is expected to increase the applicability of the thin-layer equation for dryer control and simulation.
Conclusions
The embedded systems employed for data recording during the sorption and drying experiments in the current study did allow the acquisition of a large amount of experimental inline-data from one year's harvest. This information was used to fit semi-empirical and analytical sorption and drying models that are simple enough to be run on embedded microcontrollers with limited processing power. The sorption experiments revealed that, for high values of a w , the equilibrium moisture content increased with increasing temperature. An anomaly, which is usually found in high sugar foods, was not yet reported for sunflower seeds. It is remarkable that most of the commonly applied equations to describe sorption isotherms showed patterned residuals, which restricted their applicability and validity. This study found the Page equation to satisfactorily describe the drying process of high oleic sunflower seeds for a wide range of drying air temperatures and humidity. It also proposes the application of water vapor pressure deficit ∆P to calculate the parameters of the Page equation including both the effect of temperature and the humidity of the drying air. This approach was found to be superior to a prediction based on temperature. Values of diffusivity ascertained with the Becker equation and a correction of the shape dependent factor are comparable to those reported in other studies, which corroborates the applicability and accuracy in thin layer drying of high oleic sunflower seeds. 
Conflicts of Interest:
The authors declare no conflict of interest. 
Abbreviations
